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Role of NFATx (NFAT4/NFATc3) in Expression of 
Immunoregulatory Genes in Murine Peripheral CD4 + T Cells 1 

Jingtao Chen,* Yoshiharu Amasaki, 2 * Yumiko Kamogawa,* Miho Nagoya,* Naoko Arai/ 
Ken-ichi Arai,* and Shoichiro Miyatake 3 ** 

Ca 2+ -regulated NFAT family members are transcription factors crucial for the expression of various cytokine genes and other 
immunoregulatory genes. Analyses of mice defective in one or two NFAT family members have revealed functions specific to each 
NFAT gene. However, the redundant functions of several family members limit the usefulness of gene disruption analysis. For 
example, CD4 + T cells isolated from NFATx-disrupted mice do not show any modulation in cytokine gene expression, perhaps 
because other family members compensate for its absence. To analyze the role of NFATx in the regulation of immunoregulatory 
genes in T cells, we made a gain-of-function mutant by creating transgenic mice expressing a constitutively nuclear form of NFATx 
in T cell lineages. In naive CD4 + T cells, NFATx up-regulated the expression of several cytokine genes and activation markers and 
suppressed the expression of CD154. In Thl cells, NFATx enhanced the expression of the Thl cytokine genes, IFN-y and TNF-ol 
In contrast, NFATx suppressed Th2 cytokine genes such as IL-4 and /L-5 in Th2 cells. It has been reported that both NFAT1 and 
NFATx are required to maintain the homeostasis of the immune system. Our results suggest that NFATx exerts this function by 
inhibiting the expression of some critical immunoregulatory genes. The Journal of Immunology y 2003, 170: 3109-3117. 



Cytokine gene expression in T cells is induced by the en- 
gagement of the TCR and/or the activation of costimu- 
latory receptors such as CD28. However, patterns of cy- 
tokine gene expression vary according to the lineage of the cell 
receiving the activation signal. When a naive CD4 + T cell released 
from the thymus encounters an Ag presented in the correct context 
by dendritic cells or macrophages, it begins to produce IL-2, a 
potent T cell growth factor, and to differentiate into one of two Th 
subsets, Thl and Th2. Thl cells produce inflammatory cytokines, 
such as IFN-y and TNF-a, and are responsible for the eradication 
of intracellular pathogens. Th2 cells produce EL-4, IL-5, IL-10, 
IL-13, and others, some of which protect against extracellular 
pathogens such as nematodes. In addition, some cytokines, such as 
IL-3 and GM-CSF, are produced by both subsets. 

Ca 2+ -regulated NFAT family proteins were initially identified 
as transcriptional activators for the stimulation signal-dependent 
induction of various cytokine genes, such as IL-2, GM-CSF, and 
IL-4, in T cells (1-4). However, Ca 2+ -regulated NFAT family 
genes are expressed in precursors as well as in differentiated ef- 
fectors of Thl and Th2, hence their distribution could not explain 
the different patterns of cytokine gene expression in cells of dif- 
ferent lineages. 
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Recently, mice with single and double knockouts (KO) 4 of 
NFAT family genes have been produced, and their functions have 
been assessed in vivo. Chimeras with recombination-activating 
gene-deficient mice were produced to analyze phenotypes of lym- 
phocytes and immune responses when the NFAT deficiency was 
embryonic lethal. Analyses of the T cells derived from these ge- 
netically modified mice have revealed distinct functions for each 
NFAT family member, including various specificities in cytokine 
gene induction and immunosuppressive activities to maintain ho- 
meostasis of the immune system. However, it has become clear 
that these loss-of-function mutants cannot be used to identify over- 
lapping functions among Ca 2+ -regulated NFAT family members. 
For example, NFATc-deficient T cells derived from NFATc KO 
chimeric mice are impaired in their ability to express IL-4, but not 
IL-2 (5, 6), and T cells derived from double NFATc/NFATl KO 
mice are severely impaired in their ability to produce both cyto- 
kines (7). These data suggest that either NFATc or NFAT1 can 
induce IL-2, but that the expression of IL-4 depends more on 
NFATc. The phenotype of CD4 + T cells from NFAT 1 -deficient 
mice is complicated. The induced level of IL-4 mRNA is lower, 
but the expression is maintained for a longer time, and the overall 
production of EL-4 seems to be higher in NFAT 1 -deficient T cells 
(8-13). Therefore, NFAT1 is critical to both inducing and modu- 
lating the amount of IL-4 in vivo. In contrast, IFN-7 production is 
partially impaired in NFAT 1 -deficient but not NFATc-deficient T 
cells (6, 14). When both genes are disrupted, the expression of 
IFN-y is severely impaired, indicating that, although NFAT1 is 
more critical than NFATc in the expression of IFN-y, both genes 
are important (7). Peripheral CD4+ T cells of NFATx-deficient 
mice do not show any effects on cytokine expression patterns (15).. 
Interestingly, the double NFAT 1 /NFATx KO mice suffer from 



4 Abbreviations used in this paper KO, knockout; cnNFATx, constitutively nuclear 
NFATx; CRI, calcineurin-regulated inhibitory sequence; SP, serine proline box/re- 
peat; CD62L, CD62 ugand; CD40L, CD40 ligand; CsA, cyclosporin A; IRES, inter- 
nal ribosome entry site; EGFP, enhanced green fluorescent protein; CD95L, CD95 
ligand. 
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lymphoproliferative disorders, including allergic blepharitis, inter- 
stitial pneumonia, and lymphadenopathy (16). Significant numbers 
of peripheral T cells in these mice are activated and produce var- 
ious cytokines without immunization, and the pattern of cytokine 
production is skewed toward a Th2 response. Furthermore, naive 
CD4 + T cells isolated from the double NFATl/NFATx KO mice 
showed CD28-independent activation of proliferation and more 
rapid progression through the cell cycle (17). These analyses sug- 
gest that NFATx plays a role in the regulation of T cell functions 
and immune responses despite the absence of any alterations in T 
cell function in NFATx-deficient CD4 + T cells. 

To gain insights into the differential function of NFATx, we 
decided to create a gain-of-function mutant by creating trans- 
genic mice expressing a constitutively nuclear form of NFATx 
(cnNFATx), A(CRI- SP12), in T cell lineage (18, 19). The 
cnNFATx mutant A(CRI- SP12) has a deletion in the critical re- 
gions of the Ca 2 * regulatory domain. These regions are the cal- 
cineurin-regulated inhibitory sequence (CRI)/serine-rich region, 
serine proline box/repeat (SP)1, and SP2. The exogenously ex- 
pressed mutant localizes mainly in the nucleus in the absence of a 
Ca 2+ signal. The transcriptional activity of this mutant measured 
by the reporter plasmid carrying NFAT/AP-1 composite sites in 
the presence of PMA is comparable to or higher than that of the 
wild-type NFATx stimulated by PMA and Ca ionophore. Thus, in 
addition to the effects of overexpression, the activity of this mutant 
can be distinguished from that of the endogenous wild-type 
NFATx by comparing their responses under two different condi- 
tions: stimulation solely by PMA and stimulation by PMA and Ca 
ionophore. 

In this study, we report that NFATx functions as a positive 
regulator for IL-2 and Thl cytokine genes such as IFN-y and 
TNF-a. In addition, NFATx is able to enhance the expression pro- 
file of cell surface activation markers such as CD25 (the IL-2R 
a-chain), CD69, and CD62 ligand (CD62L). In contrast, NFATx 
suppressed Th2 cytokine genes, such as IL-4 and lL-5\ and an 
important immunoregulatory molecule, CD 154 (CD40 ligand 
(CD40L)), required for T cells and APC to coordinate the immune 
response. These data further support the idea that NFATx has some 
activator functions that can compensate for the absence of other 
NFAT family members. However, more important is the finding 
that NFAT1 and NFATx cooperate with each other to suppress T 
cell functions by affecting the expression of critical immunoregu- 
latory molecules and modulating cell proliferation to maintain the 
homeostasis of the immune system. 



Materials and Methods 

Mice 

The cnNFATx A(CRI • SPI 2) was cloned into a plasmid carrying the Ick 
proximal promoter and a portion of the human growth hormone gene i n 
which the initiation codon was mutated (Fig. I) (18, 20). In the resulting 
plasmid, the cnNFATx cDNA is flanked by the mouse Ick proximal pro- 
moter at the 5' end and the portion of the human growth hormone gene at 
the 3' end. The Notl fragment of the plasmid DNA was purified and i n . 
jected into C57BL/6 embryos. Two lines of mice transgenic for cnNFATx 
in a C57BL/6 background and expressing the transgene in peripheral T 
cells were used at ages 5-15 wk for experiments. Mice were screened for 
the presence of the transgene by PCR amplification of tail DNA. Primers 
used were 5 ' -GTGTG ATGTCTCCC AGGTAGTCC-3 ' and 5'-GGGCGC 
C AC AGTTTGC AGT AGTC ATC-3 ' . DOli.10 afi TCR-transgenic mice 
were backcrossed with cnNFATx-transgenic mice. F, mice were used to 
prepare polarized Thl and Th2 populations. All the experiments were per- 
formed on mice from two lines of founder mice. 

Cell purification and culture 

T cells were maintained in RPMI 1640 containing 10% FCS, 2 mM i- 
glutamine, 100 U/ml penicillin, 100 /ig/ml streptomycin, 10 mM HEPES 
buffer, 50 /u,M 2-ME, 1 mM sodium pyruvate (all from Life Technologies, 
Gaithersburg, MD) and appropriate cytokines. T cell suspensions were pre- 
pared from lymph node and spleen cells. CD4 4 " T cells were purified using 
magnetic beads (Dynabeads L3T4; Dynal, Lake Success, NY). For primary 
stimulation, purified CD4 + T cells were stimulated in vitro with 10 ng/ml 
PMA (Nacalai Tesque, Kyoto, Japan), 0.2 jug/ml ionomycin (Nacalai 
Tesque), and 1.0 jxg/ml cyclosporin A (CsA; Calbiochem-Novabiochem, 
La Jolla, CA) at 37°C in a humidified atmosphere with 5% C0 2 . For se- 
lected experiments, CD4 + T cells were further purified into a CD44 ,ow 
CD4 + population by cell sorting. Culture conditions for polarized Thl and 
Th2 populations derived from DO 11.10 a/3 TCR-transgenic mice have 
been previously described (21). All experiments were performed in parallel 
using equal numbers of cells from cnNFATx-transgenic mice and wild- 
type littermates. 

Preparation of nuclear extract 

Nuclear extracts from CD4 + T cells were prepared as described, with some 
modification (22). In brief, after stimulation, CD4 + T cells were washed 
twice with ice-cold PBS, resuspended in buffer A (10 mM HEPES (pH 
7.6), 0.1 mM EDTA, 0.1 mM KC1, and 2 mM MgCl 2 ), and incubated on 
ice for 5 min. An equal amount of buffer B (buffer A plus 0.2% Nonidet 
P-40) was added and mixed, and the resulting nuclei were pelleted by brief, 
low-speed centrifugation. The nuclear pellet was washed with buffer A, 
resuspended in 200 /xl of buffer. C (50 mM HEPES (pH 7.9), 50 mM 
EDTA, 50 mM KG, and 10% glycerol) containing 0.3 M ammonium sul- 
fate (pH 7.9), and vortexed vigorously for 30 min at 4°C. The debris was 
pelleted by high-speed centrifugation at 70,000 rpm for 45 min, and the 
proteins in the supernatant were precipitated by adding an equal volume of 
3.0 M ammonium sulfate (pH 7.9). The suspension was incubated on ice 
over night and centrifuged at 50,000 rpm for 15 min. The nuclear proteins 
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FIGURE 1. Structure of the construct used to generate cnNFATx-transgenic lines, a, Schematic diagram of the construct. The region derived from 
cnNFATx mutant is indicated by a long arrow. Short arrows represent primers used for die screening. Gray boxes indicate exons of die human growth 
hormone gene, b, An alignment of the deleted amino acid residues of NFATx. Important motifs in the Ca 2 "*" regulatory domain are indicated. The region 
encompassing from D147 to S269 is deleted. SRR, Serine-rich region. 
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• toe pellet were dissolved in 20 fi\ of buffer C and stored at -80°C until 
"V All buffers were supplemented with 1 mM DTT, 1 mM PMSF, and 2 
U e/ml leupeptin (all from Sigma-Aldrich, St. Louis, MO). Protein concen- 
Iration was estimated with a BCA protein assay kit (Pierce, Rockford, IL). 

Antibodies 

Anti-mouse NFATx polyclonal Ab, DN97, was prepared as described (19). 
Anti-mouse NFAT1 mAb and anti-mouse NFATc mAb were purchased 
from Affinity BioReagents (Golden, CO) and Upstate Biotechnology (Lake 
placid, NY), respectively. Anti-c-Jun polyclonal Ab was purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA). 

EMSA 

f^FAT-DNA reactions were conducted with 2 /xg of nuclear extracts in a 
solution containing 20 mM HEPES (pH 7.9), 2 mMEDTA, 2 mM 
DTT, 10% glycerol, 0. 1% Nonidet P-40, 3.75 /xg of BSA, and 0.375 ttg of 
poly(deoxyinosinic-deoxycytidylic) acid. The reactions were incubated for 
20 min at room temperature with a radiolabeled double-stranded oligonu- 
cleotide probe. The probe used in these studies contained the NFAT/AP-1 
composite site from the EL-2 promoter: 5 ' -C A AAG AGG A A A ATTTGTT 
TCATACAGAAGGCGTTCA-3'. The samples were separated on 4% 
polyacrylamide gels. Cold oligonucleotide competitors were added to the 
reaction mixture when indicated. The AP-1 and SP1 consensus sequence 
oligonucleotides were used as competitors: AP-1, 5'-GGCGCTTGAT 
GAGTCAGCCGG AA-3 ' ; and SP1, 5 '-GG ATTCG ATCGGGGCGGGGC 
GAGC-3'. For supershift assays, anti-NFAT or anti-c-Jun Abs were added 
to the reaction mixture and incubated for an additional 20 min at room 
temperature. 

Proliferation assay 

Purified CD4* T cells (1 X 10 5 /well) were plated in triplicate onto 96-well 
round-bottom plates and activated with PMA, PMA plus ionomycin, or 
PMA plus ionomycin plus CsA for 48 h before harvest. Nonactivated cells 
were used as controls. [ 3 H]Thymidine (1 /xCi/well) was added for the last 
8 h. The incorporation of [ 3 H]thymidine was measured with a MicroBeta 
(PerkinElmer Life Sciences, Boston, MA). 

Flow cytometric analysis 

FITC-labeled anti-CD4 mAb as well as the PE-labeled mAbs anti-CD25, 
anti-CD44, anti-CD62L, anti-CD69, and anti-CD 154 were purchased from 
BD PharMingen (San Diego, CA). Expression of cell surface molecules on 
CD4 + T cells was analyzed by flow cytometry 6 h (CD 154) and 24 h 
(CD25, CD44, CD62L, and CD69) after stimulation. Single-cell suspen- 
sions of spleen cells were incubated with mAbs at 4°C and analyzed on a 
FACScan flow cytometer with CellQuest software (BD Biosciences, San 
Jose, CA). For intracellular staining, Thl and Th2 cells differentiated for 2 
wk were stimulated with PMA and/or ionomycin for 6 h. In the last 2 h, 
monensin (2 jtM) was added, and cells were collected and fixed with 4% 
formaldehyde for 10 min at room temperature. Fixed cells were washed 
with PBS containing 0.1% BSA. After 20-min incubation in permeabili- 
zation buffer (PBS containing 0.5% saponin (Calbiochem-Novabiochem)) 
at room temperature, cells were stained for 30 min with PE-conjugated or 
FITC-conjugated cytokine IFN-y and IL-4 Abs at 4°C, washed twice with 
permeabilization buffer, and resuspended in PBS plus 1% FCS. Cell flu- 
orescence was measured using a FACScan flow cytometer, and data were 
analyzed by CellQuest software. Each experiment was repeated a minimum 
of three times with similar results. 

EUSA 

Cell culture supernatants were collected 24 h after stimulation, and cyto- 
kine levels for IL-2, IL-4, TNF-a, IFN-% IL-5, and IL-10 were analyzed 
using ELISA kits from BD PharMingen, and IL-13 levels were analyzed 
with a kit from R&D Systems (Minneapolis; MN) according to the man- 
ufacturer's instructions. Calculated values are expressed as mean ± SEM. 
Each experiment was repeated a minimum of three times with similar 
results. 

Real-time quantitative RT-PCR analysis 

CD4 + T cells (1 X 10 7 ) were either not stimulated or stimulated by PMA 
alone, PMA plus ionomycin, or PMA plus ionomycin plus CsA for 4 h, and 
total RNA was extracted by TRIzol method (Invitrogen, Carlsbad, CA). 
cDNA was generated from 2 /tig of total RNA with random hexamers and 
the Superscript II RT System (Invitrogen). For real-time quantitative RT- 
PCR, experiments were performed with FastStart DNA Master SYBR 
green I, LightCycler instrument and relative quantification software (all 



from Roche Diagnostics, Indianapolis, IN). All results were normalized 
with respect to the expression of 0-actin. The sequences of the primers are 
as follows: 0-actin, 5'-<XTGTATGCCTCTGGTCGTA-3' and 5'-CCAT 
CTCCTGCTCG AAGTCT-3 ' ; Egr2, 5' -GG ATGTGTTGTGGTGGTCTT-3 ' 
and 5 ' -GCGGTC ATC ATTTGCTCCTC-3 ' ; Egr3, 5'-AGCGACTCGG 
TAGCCC ATTA-3 ' and 5 ' -GTAGGTCACGGTCTTGTTGC-3 ' ; T-bet, 5'- 
TGCCTGCAGTGCTTCTAACA-3' and 5'-TGCCCCGCTTCCTCTC 
CAACCAA-3'; and GATA-3', 5'-AGAACCGGCCCCTTATCAA-3' and 
5'-AGTTCGCGCAGGATCTCC-3'. LightCycler PCR comprised a 10-min 
denaturation at 95°C, followed by cycles of 95°C for 15 s, 56°C for 10 s, 72°C 
for 5 s, and cooling on 40°C for 30 s. Each experiment was repeated a 
minimum of three times with similar results. 

Retrovirus vectors and infection 

Purification and primary stimulation of naive T cells from DO 11.10 afi 
TCR-transgenic mice was performed as previously described (21). The 
bicistronic retrovirus plasmid pMX contains internal ribosome entry site 
(IRES) and enhanced green fluorescent protein (EGFP). Retrovirus vectors 
pMX-IRES-EGFP and the Phoenix-Eco packaging cell line were described 
previously (23, 24). The retrovirus vector encoding the cnNFATx 
A(CRI-SP12) was made by introducing the EcoRhXhol fragment 
of pMEmX-A(CRI • SP12) into the pMX-IRES-EGFP (18). The pMX- 
cnNFATx-IRES-EGFP construct was confirmed by DNA sequencing. Ret- 
roviral transduction of T cells was conducted as previously described with 
some modification (24, 25). One day after primary antigenic stimulation 
under Thl/2-polarizing conditions, cells were infected with retrovirus-con- 
taining supernatants in the presence of 0.5 jig/ml polybrene (Sigma-Al- 
drich). Cells were infected with pMX-EGFP or pMX-cnNFATx-IRES- 
EGFP. On day 7, cells were sorted on the basis of EGFP expression, 
stimulated again, and cultured for another week under the polarizing con- 
ditions. Cytokine production was analyzed by intracellular staining. This 
experiment was repeated twice. 



Results 

Expression of the cnNFATx in peripheral T cells 

Linearized plasmid DNA carrying cnNFATx driven by the Ick 
proximal promoter was injected into fertilized eggs to create trans- 
genic mice in a C57BLACK/6 background (Fig. 1) (20). Although 
the Ick proximal promoter is reported to be specific to thymic T 
cells, RT-PCR detected the expression of the transgene in periph- 
eral CD4 + T cells from some lines. Two lines of these mice were 
used for all experiments. We confirmed the expression of the cnN- 
FATx protein in these cells with EMSA using nuclear extracts of 
the resting CD4 + T cells from the spleens and the lymph nodes and 
a radioactive probe harboring the composite NFAT-AP1 site from 
the mouse IL-2 gene. As shown in Fig. 2a, NFAT DNA binding 
activity was much more intense in resting CD4**" T cells isolated 
from cnNFATx-transgenic mice than in the same cells from wild- 
type littermates. A supershift assay with Abs against NFAT1, 
NFATc, and NFATx showed that, while the NFAT DNA binding 
activity in the resting CD4 4 " T cells from wild-type littermates was 
due mostly to NFAT1, the activity in the cnNFATx-transgenic 
mouse is the result of the accumulation of NFATx (Fig. 2b). This 
finding indicates that the cnNFATx is expressed and localized in 
nucleus in the absence of a Ca 2+ signal. Treatment of the resting 
CD4* T cells with PMA induced a slowly migrating complex. A 
supershift assay with Abjs against various NFAT family members 
as well as c-Jun revealed that the complex contained both AP-1 
and NFAT. Nuclear extracts from PMA-treated CD4+ T cells from 
the cnNFATx-transgenic mice contained a large amount of a com- 
plex containing AP-1 and NFATx, indicating that cnNFATx is 
fully activated by PMA in the absence of a Ca 2+ signal. Although 
CsA treatment reduced the amount of NFAT complex even in the 
nuclear extract of the cnNFATx-transgenic T cells, a still significant 
amount of NFAT activity was retained in the nucleus, suggesting 
resistance against the effect of CsA. cnNFATx mutant still retains SP3 
motif harboring serine residues to be phosphorylated by the various 
NFAT kinases. This might be the reason for this reduction. 
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FIGURE 2. Nuclear localization of the cnNFATx protein in peripheral CD4 + T cells derived from the cnNFATx-transgenic mice, a, EMS A was 
conducted with the 32 P-labeled oligonucleotide harboring the NFAT/AP-i composite site derived from the mouse IL-2 promoter and 2 /xg of the nuclear 
extracts prepared from the CD4 + T cells of cnNFATx-transgenic mice (T) or wild-type littermates (W) stimulated for 3 h under various conditions. The 
mock reaction (M) contained no nuclear extract, b, EMS A was conducted with nuclear extracts prepared from the resting CD4 + T cells of cnNFATx- 
transgenic mice (T) and wild-type littermates (W). To confirm the sequence specificity of the shifted protein-DNA complex, the same nonradioactive 
oligonucleotide was used as a self-competitor. An oligonucleotide carrying the SP1 binding site was used as a nonspecific competitor. Competitor DNA 
was added at 100-fold excess over the probe DNA. Each NFAT family member-specific Ab, anti-mouse NFATx Ab (x), anti-mouse NFAT1 mAb (1), and 
anti-mouse NFATc mAb (c), was added before incubation with the 32 P-labeled NFAT/AP-1 probe, c, EMS A was performed with nuclear extracts derived 
from CD4 + T cells of cnNFATx-transgenic mice (T) and wild-type littermates (W) after stimulation solely with PMA for 3 h. Ab against each NFAT family 
member or anti-mouse c-Jun Ab was used for supershift analysis. 



Proliferation and IL-2 expression of transgenic CD4 + T cells 
are up-regulated 

To analyze the effect of cnNFATx on the proliferation of CD4 + T 
cells, isolated T cells were stimulated with PMA, PMA plus iono- 
mycin, or PMA plus ionomycin plus CsA. As shown in Fig. 3a, 
CD4 + T cells isolated from the cnNFATx-transgenic mice prolif- 
erated when treated with PMA alone while those from the wild- 
type littermates did not. Furthermore, CsA completely suppressed 
the proliferation of the wild-type littermate T cells stimulated by 
PMA plus ionomycin, but the T cells from the cnNFATx-trans- 
genic mice showed significant resistance to this effect. This indi- 
cates that NFATx facilitates the proliferation of stimulated CD4 + 
T cells. Because the proliferation of CD4 4 * T cells in vitro has been 
shown to depend partly on the production of the T cell growth- 
promoting cytokine IL-2, we also analyzed the expression of both 



IL-2 and CD25, which is critical for the expression of the high 
affinity IL-2R on T cells. As shown in Fig. 3fc, CD4 + T cells from 
the transgenic mice produced IL-2 in the presence of PMA alone, 
although the level of production was relatively low. As shown in 
Fig. 4, CD25 was partially induced upon PMA treatment in wild-type 
CD4 + T cells, but CD25 levels were significantly higher in transgenic 
cells treated with PMA. Thus, the up-regulation of both EL-2 produc- 
tion and CD25 expression presumably synergize to stimulate prolif- 
eration in the presence of PMA alone. This supposition is further 
confirmed by the suppression of proliferation when Abs against each 
chain of the IL-2R complex were added (data not shown). 

The expression of IFN-y was detected with PMA treatment 
alone; however, this level of IFN-y production was quite low com- 
pared with the level induced by the full activation, and CsA com- 
pletely suppressed the expression (Fig. 3b). These indicate that the 
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FIGURE 3. Proliferation and cytokine production of cnNFATx naive CD4 + T cells, a. Proliferation of CD4 + T cells derived from cnNFATx-transgenic 
mice (T, ■) or wild-type littermates (W, □) stimulated with PMA, PMA plus ionomycin, or PMA plus ionomycin plus CsA was measured by [ 3 H]thymidine 
incorporation. Cells (1 X 10 5 ) were stimulated for 48 h before harvest. [ 3 H]Thymidine was added in the last 8 h. Proliferation of the transgenic T cells was 
induced by the stimulation with PMA alone. 6, ELISA was used to measure IL-2 and IFN-y levels in the supernatant of the CD4 + T cells derived from 
the cnNFATx-transgenic mice or wild-type littermates stimulated for 24 h with PMA, PMA plus ionomycin, or PMA plus ionomycin plus CsA. 
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FIGURE 4. Expression patterns of activa- 
tion/memory T cell surface markers. The ex- 
pression patterns of the T cell surface markers, 
CD25, CD69, CD62L, and CD154, were ana- 
lyzed with flow cytometry 24 h after stimulation 
with PMA, PMA plus ionomycin, or PMA plus 
ionomycin plus CsA. Thick lines represent cells 
from cnNFATx-transgenic mice, thin lines rep- 
resent wild-type littermates, and dotted lines 
show background staining with isotype control 
Ab. Both CD25 and CD69 were up-regulated by 
the cnNFATx transgene. The CD62L high popula- 
tion was reduced in cnNFATx-transgenic mice. 
Down-regulation of CD62L was also enhanced on 
CD4* T cells derived from the cnNFATx-trans- 
genic mice. The enhanced expression of the 
CD 154 by PMA plus ionomycin stimulation was 
partially suppressed on CD4 + T cells derived 
from the cnNFATx-transgenic mice. 
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contribution of NFATx in the IFN-y expression of the naive T 
cells is very small. 

Regulation of immunoregulatory cell surface molecules by NFATx 

In addition to CD25, expression of CD69 and CD62L— known 
activation markers — was analyzed by flow cytometry (Fig. 4). 
Similar to CD25, CD69 was partially induced in wild-type T cells 
treated with PMA and more fully induced in the transgenic T cells. 
Furthermore, expression of CD69 in transgenic T cells treated with 
PMA plus ionomycin was resistant to CsA treatment. These data 
suggest the involvement of NFATx in CD69 expression. 

Naive CD4 + T cells express high levels of CD62L, which is 
suppressed upon T cell activation. Memory cells maintain a low 
level of CD62L, making this marker a useful tool to distinguish 
between naive and memory T cells. The number of transgenic 
CD4 + T cells expressing low levels of CD62L upon PMA stim- 
ulation was much higher than that of wild-type T cells, indicating 
that NFATx down-regulate CD62L expression. The number of 
naive CD4 + T cells expressing high levels of CD62L from 
cnNFATx-transgenic mice was reduced compared with wild-type 
littermates, suggesting a relative expansion of the memory T cell 
Population in cnNFATx-transgenic mice. 



CD 154 (CD40L) delivers an important signal to B cells and 
other APC and is required for B cell differentiation (26). It has 
been reported that the expression of CD 154 requires NFAT activ- 
ity. The expression of CD 154 on CD4 + T cells deficient for both 
NFAT1 and NFATc is severely impaired, indicating that these two 
NFAT family members are required for the expression of this gene. 
Interestingly, CD 154 expression was reduced on CD4 + T cells de- 
rived from cnNFATx-transgenic mice activated by PMA and iono- 
mycin. This may indicate that NFATx inhibits CD 154 expression. 

Glimcher and colleagues (27) have reported that the expression 
of the CD95 ligand (CD95L) requires two transcription factors, 
Egr2 and -3, that are swiftly induced upon T cell activation. Both 
NFAT1 and NFATx are crucial for the induction of these two tran- 
scription factors. However, the expression of CD95L was not affected 
by the cnNFATx transgene. Real-time RT-PCR analysis showed 
that the expression of Egr family members was not augmented by 
cnNFATx, suggesting that the transcription of Egr2 and -3 requires 
additional molecules other than NFAT family members (Fig. 5a). 

NFATx up-regulates Thl cytokine genes 

Although the expression of IFN-7 from naive CD4 + T cells was 
affected by cnNFATx, the level of IFN-7 expression from the 
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FIGURE 5. Real-time PCR analysis of various transcription factors in 
differentiated T cells derived from cnNFATx-transgenic mice and wild- 
type littermates. a, mRNA levels of Egr2 and Egr3 in naive T cells are 
comparable between cnNFATx-transgenic mice and wild-type littermates. 
CD4 + CD44 low naive T cells derived from cnNFATx-transgenic mice (T) 
and wild-type littermates (W) were stimulated for 4 h with PMA, PMA 
plus ionomycin, or PMA plus ionomycin plus CsA, and total RNA was 
isolated. The mRNA level was analyzed by real-time PCR analysis, and the 
results are normalized to 0-actin mRNA. b t mRNA levels of T-bet and 
GATA-3 in in vitro-differentiated Thl and Th2 are comparable between 
cnNFATx-transgenic mice and wild-type littermates. CD4 + CD44 ,ow naive 
T cells derived from cnNFATx-transgenic mice (T) and wild-type litter- 
mates (W) were stimulated by Ag (OVA peptide) and APC and differen- 
tiated under polarizing conditions in vitro for 2 wk. Cells (1 X 10 7 ) were 
then stimulated for 4 h with PMA plus ionomycin, and total RNA was 
isolated. The real-time PCR analysis of T-bet and GATA-3 mRNA was 
performed as in a. 



naive cells was very low. To analyze the effect of cnNFATx on Th 
subset-specific cytokine genes, naive CD4 + T cells isolated from 
either cnNFATx-transgenic mice or wild-type littermates were dif- 
ferentiated in vitro. Thl or Th2 cells were stimulated with PMA 
alone, PMA plus ionomycin, or PMA plus ionomycin plus CsA for 
24 h, and the amount of various cytokines in the supernatant were 
analyzed by ELISA (Fig. 6). Thl cells from the transgenic mice 
produced dramatically enhanced levels of both IFN- 7 and TNF-a 
upon PMA alone or PMA plus ionomycin treatment (Fig. 6a). In 
contrast, low, comparable levels of these cytokines were produced 
by Th2 cells derived from the cnNFATx-transgenic mice and the 
wild-type littermates after PMA plus ionomycin treatment (Fig. 
6cp. The expression level of the transcription factor T-bet, ana- 
lyzed by the real-time PCR, was not enhanced in T cells derived 
from cnNFATx-transgenic mice (Fig. 5b). These support the idea 
that cnNFATx does not up-regulate the expression of Thl cytokine 
genes by skewing toward Thl. 

To determine whether this phenotype is derived from the altered 
thymocyte selection in the transgenic mice, cnNFATx was intro- 
duced into wild-type CD4-positive naive T cells by retrovirus vec- . 
tor bicistronically expressing EGFP. One week after the infection 
and incubation under the Thl skewing condition, EGFP-positive 
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FIGURE 6. Cytokine profile of Thl or Th2 cells derived from cnN- 
FATx-transgenic mice and wild-type littermates. CD4 + CD44 IOW naive T 
cells derived from cnNFATx-transgenic mice (T) and wild-type littermates 
(W) were stimulated by Ag (OVA peptide) and APC and differentiated 
under polarizing conditions in vitro for 2 wk. Cells (2 X 10 6 ) were then 
stimulated for 24 h with PMA, PMA plus ionomycin, or PMA plus iono- 
mycin plus CsA. Cytokine levels in the supernatants were measured by 
ELISA. Data from one representative experiment are shown. Thl cytokines 
IFN-7 and TNF-a were up-regulated in transgenic Th 1 cells (a), while Th2 
cytokines IL-4, IL-5, IL-10, and IL-13 were suppressed in transgenic Th2 
cells (b). The expression level of IFN-7 in Th2 cells and IL-4 in Thl cells 
was comparable between cells derived from cnNFATx-transgenic mice and 
wild-type littermates (c). a and c {left), ■, T/Thl, Thl cells derived from 
cnNFATx-transgenic mice; □, W/Thl, Thl cells from wild-type litter- 
mates. b and c{right\ ■, T/Th2, Th2 cells derived from cnNFATx-trans- 
genic mice; □, W/Th2, Th2 cells from wild-type littermates. 



and -negative populations were separated by FACS and stimulated 
again to further differentiate and proliferate under Thl -skewing 
condition. As shown in Fig. 7, the number of cells expressing 
IFN-y is up-regulated with the cnNFATx-transduced population, 
suggesting that this effect on cytokine genes is not due to the ab- 
errant selection process in the thymus of the transgenic mice. 

NFATx down-regulated Thl cytokine genes 

Despite the presence of the cnNFATx transgene, Th2 cytokine 
genes were not induced by treatment with PMA alone, and CsA 
completely shut off their expression. When Th2 cells were stimu- 
lated by PMA and ionomycin, expression of the Th2 cytokine 
genes and IL-10 was impaired. The level of IL-13 was 

also reduced, although less effectively, in Th2 cells derived from 
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FIGURE 7. Effect of ectopic expression of cnNFATx on the expression 
of Thl cytokine IFI^-y and Th2 cytokine IL-4. CD4 + CD44 ,ow naive T cells 
derived from DOU.10 a|3 TCR-transgenic mice were stimulated by Ag 
(OVA peptide) and APC and differentiated under polarizing conditions. On 
days 2 and 3, cells were transduced with cnNFATx retrovirus. On day 7, 
EGFP-positive and -negative cells were separated and stimulated again for 
further differentiation and proliferation. On day 14, cells were stimulated 
with medium containing PMA and ionomycin and .analyzed for the ex- 
pression of IFN-y and IL-4 by the intracellular cytokine staining. Data are 
presented as single-color histograms. The percentage of cells staining pos- 
itive for each cytokine is indicated. Data are representative of two inde- 
pendent experiments. 



cnNFATx-transgenic mice (Fig. 6b). A small amount of the Th2 
cytokine IL-4 was produced by Thl cells, and there was no dif- 
ference between the Thl cells derived from the cnNFATx-trans- 
genic mice and the wild-type littermates (Fig. 6c). The real-time 
PCR analysis again revealed that the level of GAT A3, critical 
regulator of Th2 differentiation, was not affected by the 
cnNFATx (Fig. 5b). Thus, the effect of the ectopic expression of 
the cnNFATx is on the individual cytokine genes rather than on the 
differentiation pathway. In addition, the idea that this phenotype of 
the transgenic T cells is derived from the altered thymic selection 
was eliminated by the fact that retrovirally transduced cnNFATx 
can also suppress IL-4 production in Th2 (Fig. 7). 

Discussion 

Although CD4" 1 " T cells derived from NFATx-deficient mice show 
few alterations in the pattern of expression of immunoregulatory 
genes (15), our findings using cnNFATx-transgenic T cells dem- 
onstrate that NFATx is in fact a potent regulatory transcription 
factor for various cytokines and cell surface molecules. NFATx is 
a positive regulator for the Thl cytokine genes IFN-y and TNF-a 
in Th 1 cells as well as some activation marker molecules in naive 
T cells. It has to be pointed out that the effect of cnNFATx on 
IFN-y was clearly observed in Thl -differentiated cells, while the 
effect observed in naive T cells was very subtle. This indicates that 
NFATx is involved in the regulation of IFN-y in Thl effector cells, 
although it has little effect in naive T cells. NFATx negatively 
regulates the Th2 cytokine genes IL-4, IL-5, IL-13, and IL-IO, as 
well as the important immunoregulatory molecule CD 154 
(CD40L). Gene disruption experiments have revealed that, al- 
though NFAT1 is critical for the induction of IL-4 gene, it also 
suppresses the persistent expression of this gene (8-12). Thus, the 
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effect of NFAT1 on the overall production of IL-4 may depend on 
a subtle balance of various conditions. NFAT1 KO mice become 
more susceptible to the Leishmania major infection than wild-type 
littermates, suggesting the biased response toward Th2 phenotype 
probably due to the enhanced production of IL-4 (12). Our findings 
of the cnNFATx-transgenic mice imply that NFATx is an inhibitor 
for Th2 cytokine production. In contrast, NFATx positively regu- 
lates the expression of the Thl cytokines. Mice deficient in NFAT1 
show reduced level of Thl signature cytokine IFN-y, suggesting 
that NFAT1 is also a positive factor for Thl cytokines (8-12, 14). 
Unlike NFATc, both NFAT1 and NFATx are expressed in resting 
" T cells, although the level of NFATx is lower than that of NFAT1 
(20, 28). Taken together, these data indicate that NFATx and 
NFAT1 share similar and overlapping functions in CD4 + T cells. 

In contrast to naive CD4* T cells from wild-type littermates, 
which do not proliferate in response to the treatment with PMA 
alone, those derived from the transgenic mice proliferate, albeit 
slowly, in the presence of PMA. This proliferation results from the 
production of IL-2 and/or the up-regulation of CD25, as demon- 
strated by the inhibition of proliferation by mAb against each chain 
of IL-2R complex (data not shown). These data indicate that 
NFATx can be a positive regulator for the expression of IL-2, 
although its contribution may be relatively small due to its small 
quantity in resting CD4* T cells. Proliferation of resting T cells in 
response to Ag binding depends on the TCR signal itself rather 
than the supply of IL-2 provided by autocrine or paracrine mech- 
anisms. This is evidenced by the fact that, although CD4 4 " T cells 
derived from double NFAT1 /NFATc KO mice produce only re- 
sidual amounts of IL-2, they are still able to proliferate in response 
to a TCR signal (7). Analysis of naive CD4 + T cells derived from 
double NFAT1 /NFATx KO mice has demonstrated that both 
NFAT1 and NFATx can inhibit proliferation. This is further sup- 
ported by the observation that the proliferation of double NFAT1/ 
NFATx KO CD4 + T cells shows less dependency on the CD28 
costimulatory signal and the shortening of time to first cell cycle 
division (17). We failed to detect any effect of overexpression of 
cnNFATx on the proliferation of cells stimulated by PMA and Ca 
ionophore, perhaps because inhibition of T cell proliferation under 
these conditions requires both NFAT1 and NFATx. 

In transgenic Thl cells, both IFN-y and TNF-a (Thl cytokines) 
were up-regulated significantly, not only by PMA stimulation but 
also by full activation with PMA and ionomycin. This observation 
implies that NFATx can function as a strong positive regulator for 
these Thl cytokine genes in differentiated Thl cells. However, in 
naive CD4 + T cells, NFATx has little effect on the expression of 
IFN-y. This is consistent with the fact that, in the absence of 
NFATc and NFAT1, the efficient expression of IFN-y in naive 
CD4 + T cells is severely impaired (7). 

The production of IL-4, IL-5, IL-13, and IL-10 were all reduced 
significantly in Th2 cells derived from the cnNFATx-transgenic 
mice, suggesting that NFATx is a negative regulator of these Th2 
cytokine genes. NFAT1 -deficient T cells exhibit prolonged IL-4 
production, which causes skewing toward Th2 development and 
leads to allergic inflammation. Th2 cells predominate in double' 
NFAT1 /NFATx KO mice, which suffer from lymphoproliferative 
disorders, such as allergic pneumonitis and blepharitis, associated 
with increases in serum levels of IgE and IgGl (16). Because 
overproduction of IL-4 has been shown in transgenic mice to in- 
hibit T cell proliferation (29), the Th2-dominant lymphoprolifera- 
tive state of the double NFAT1 /NFATx KO mice is presumably 
due to the relief of the inhibitory effect of NFAT1 and NFATx on 
both the proliferation of CD4 + T cells and the expression of Th2 
cytokines such as IL-4 to stimulate Th2 differentiation in vivo. 
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It could be argued that the up-regulation of Thl cytokines and 
the down-regulation of Th2 cytokines in response to the overpro- 
duction of cnNFATx indicate that cnNFATx facilitates Thl dif- 
ferentiation. However, Th2 cells from cnNFATx-transgenic mice 
produce levels of IFN-y that are comparable to those of wild-type 
Httermates (Fig. 6c), and Thl cells from these transgenic mice 
produce about the same, extremely low levels of IL-4 as do their 
wild-type littermates. In addition, real-time RT-PCR analysis re- 
vealed that both transgenic and wild-type Thl and Th2 cells have 
comparable levels of the Thl- and Th2-specific master regulatory 
genes, T-bet and GATA3, respectively (Fig. 56) (30-34). There- 
fore, NFATx affects individual cytokine genes that are selected for 
the particular lineage rather than affecting the overall differentia- 
tion process. 

Another argument is that the effect of NFATx on the expression 
of those cytokine genes is due to the selection of particular type of 
T cells in the thymus of transgenic mice, because cnNFATx is 
strongly driven in the thymus by the Ick proximal promoter. How- 
ever, similar effects of cnNFATx on the expression of cytokine 
genes were observed by CD4 + naive T cells expressing retrovi- 
rally transduced cnNFATx (Fig. 7), indicating that the effects of 
cnNFATx are not the results of thymic selection. The effect of the 
transgene on Thl cytokine genes was more prominent and clearly 
detected than that on Th2 cytokine genes at an earlier time point (1 
wk after differentiation, data not shown) in T cells derived from 
cnNFATx-transgenic mice. On the contrary, the effect of the ret- 
rovirally transduced cnNFATx was more remarkable on Th2 cy- 
tokine genes. Because gene transduction by a retrovirus vector 
requires activation and proliferation of naive T cells, one possible 
interpretation for the difference between these two experimental 
systems may be the effect of the cnNFATx protein in the resting 
naive T cells derived from the transgenic mice. 

A number of immunoregulatdry molecules expressed on the cell 
surface are also differentially regulated by NFATx. Activation 
markers such as CD69 and CD25 are up-regulated by the cnNFATx 
transgene. CD25 is induced by TCR signal and its high expression 
level is maintained partly by the IL-2-STAT5a/STAT5b signaling 
pathway (35-37). The up-regulation of CD25 by PMA stimulation 
in transgenic T cells is probably due to a direct effect of NFATx on 
the CD25 promoter rather than to the up-regulation of IL-2, which 
induces CD25 only late in activation. The expression of CD 154 
(CD40L) was negatively regulated by cnNFATx, in contrast to 
NFAT1 and NFATc, which are both required for the induction of 
CD154 (CD40L) in naive CD4 + T cells (7). This suppressive ef- 
fect of NFATx on CD 154 (CD40L), which may be unique among 
NFAT family members expressed in T cells, was also observed 
when transgenic naive CD4 + T cells were stimulated solely by 
anti-CD3 Ab or by both anti-CD3 and anti-CD28 Abs (data not 
shown). CD 154 (CD40L) expression is crucial for the activation 
and differentiation of B cells and other APC (26), and CD 154 
(CD40L) signaling can further activate CD4 + T cells. Thereby, in 
addition to suppressing the proliferation of naive CD4+ T cells and 
the expression of Th2 cytokines, NFATx may also maintain the 
homeostasis of the immune response by suppressing CD154 
^(CD40L) expression. A gene disruption experiment has shown that 
NFAT1 and NFATx regulate the expression of CD95L through the 
transcription factors Egr2 and -3 (27). Because the NFATx trans- 
gene alone up-regulated neither CD95L nor Egr2/3 expression, 
NFAT1 and NFATx are not sufficient for the regulation of CD95L 
through the induction of Egr2/3 (Fig. 5 and data not shown). 

Clipstone and colleague (38) have reported the effects of the 
retrovirally transduced, constitutively active form of NFATc on 
various immunoregulatory genes including cytokines in CD4 + T 
cells. They concluded that the constitutively active form of NFATc 



commits cells to the Thl phenotype, resulting in the up-regulati 0n 
of Thl -specific genes, including IFN-y, and the down-regulati 0n 
of Th2-specific genes such as IL-4. They also detected numbers of 
ThO cells producing both IFN-y and IL-4. These observations i m . 
ply that a retrovirally transduced, constitutively active form of 
NFATc phenocopies the strong and repetitive stimuli through TCR 
that favor Thl differentiation. They speculate that this effect is a 
characteristic of all constitutively active forms of NFAT family 
members rather than a unique feature of NFATc. 

We believe our observations can be attributed to unique features 
of NFATx rather than to a general effect common to all cons- 
titutively active NFAT family members. First, the effect of the 
cnNFATx transgene was limited to cytokines that were specific to 
the particular lineage being studied. Although cnNFATx down- 
regulates four Th2 cytokine genes and up-regulates two Thl cy- 
tokine genes, it did not affect the expression levels of master reg- 
ulatory genes of Th subset differentiation, GATA3 and T-bet, 
suggesting that NFATx is not changing the polarity of Th subset 
differentiation. One possible mechanism is the competition be- 
tween NFATx and other NFAT family members for the promoter 
of those cytokine genes. NFATx may be a less potent activator for 
those Th2 cytokine gene promoters while more potent for those 
Thl cytokine promoters. Second, exogenous NFATc seems to 
have a very strong effect, indicated by the appearance of ThO-type 
cells. In contrast, ectopic NFATx expression derived from either 
the transgene or retrovirally transduced gene did not induce ThO- 
type cells, suggesting that NFATx is not as strong as NFATc (data 
not shown). Finally, retrovirally transduced NFATc up-regulates 
both CD 154 (CD40L) and CD95L, whereas the presence of the 
NFATx transgene did not affect the expression of CD95L and 
down-regulated CD 1 54 (CD40L). 

Further studies on the precise functions of each NFAT family 
member should offer important information on the role of die 
NFAT family network in T cell activation and the differentiation of 
effector cells. 
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